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A transcritical heat pump (THP) cycle using carbon dioxide (CO2) as the refrigerant is known to feature an excellent 
coefficient of performance (COP) as a thermodynamic system. Using this feature, we are designing and building a 
system that combines a water-to-water CO2 heat pump with both hot and cold thermal storages know as Thermal 
Battery (TB) (Blarke, 2012). Smart and effective use of intermittent renewable energy resources (for example solar 
and wind power) is obtained supplying water heating (>70 oC) and cooling services (<10 oC) for residential and 
commercial buildings.  
 
Our fundamental hypothesis is that if electricity generated by intermittent sources is destined for thermal end-uses 
an efficient conversion of electricity to thermal energy and storage enables a flexible power supply. Thermal storage 
is more cost-effective than any electro-chemical or mechanical storage technology. The usability and the cost 
effectiveness are critical for smart grid policies on large-scale integration of intermittent renewables. In this paper, 
we present an analytic thermodynamic model that predicts the effect of temperature and flow rate of hot and cold 






Limited fuel sources, dependency on external suppliers and global warming encourage societies to push for higher 
penetration levels of renewable energy generation technologies. Renewables are categorized as either intermittent or 
dispatchable sources of electrical energy. Geothermal and hydro (in most cases) are dispatchable. While 
dispatchable is easier to manage, it is not well distributed or readily accessible for most countries. On the other hand, 
solar and wind are available everywhere but clouds passing over solar systems or temporary drops in wind create 
power fluctuations, resulting in intermittent supply. As they become a larger fraction of electricity and thermal 
energy generation, electrical grid integration must be resolved to smooth fluctuations.  
 
An electrical grid is an interconnected network for delivering electricity from suppliers to consumers. Not only 
power generation systems but also the demand profile unbalances the grid operated at a constant frequency (60Hz 
North America and 50Hz in Europe and Asia). If demand exceeds supply, grid frequency drops. When supply 
exceeds demand, frequency rises. Major frequency distortions can disrupt the grid, in extreme cases causing 
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blackouts. With the aim of maintaining a constant frequency and supply and demand balance, system operators 
require generators to regulate supply by increasing or decreasing output from their power stations (A.Woyte, 2006). 
To balance intermittent renewable suppliers and consumers characteristics for utility-scale generation it is generally 
recognized that there will be a need for energy storage technology. Energy storage allows ‘smoothing’ in power 
delivery, absorbing production peaks and filling troughs, hence reaching higher renewable penetration levels. This 
strategy may involve balancing both electrical grid suppliers and consumers in an intelligent manner, often referred 
to as the Smart Grid concept (Katz, 2011).  
 
In addition, space heating and cooling represent a major part of end-use in electrical power demand, approximately 
40% (e.g. Swedish Energy Agency, 2010).  
 
This paper suggests that thermal energy storage has a great potential as energy storage solution for grid balance. The 
excess power from the renewable sources is converted to heat (hot and cold) and stored. This stored heat energy 
provides a balance between the demand and the supply. Combining hot and cold thermal storage with a transcritical 
CO2 heat pump for combined production of useful heat and cooling, the presented work further investigates the 
novel Thermal Battery (TB) concept (Blarke et al. , 2011). 
 
1.2 Thermal battery (TB) concept 
Over the last decades, HVAC&R(Heat, Ventilation, Air Conditioning and Refrigeration) systems have evolved in 
order to respond to human necessities in a safer, healthier, greener and more energy and cost-efficient way 
(McDowall, 2007). 
 
Among modern HVAC, heat pumps offer an energy-effective and cost-efficient alternative to combustion-based or 
electrical resistance heating systems. Heat pumps use input energy to transfer heat from one zone to another but do 
not intentionally produce the heat from the input energy. They have proven to operate with COP in the range of 3 to 
4 for water heating applications alone (Kim, 2004). In this paper combining water heating and cooling capacities is 
proposed to enhance system COP.  
 
Figure 1 illustrates TB concept, consisting of a transcritical heat pump (THP) and two water tanks. The TB produces 
heated water stored in the tank (hot reservoir) that can be used for space heating and/or hot tap water, while stored 
cooled water can be used for space cooling. Because the heating and cooling capacity combination uses the heat 
pump to full potential, this paper analyzes an appropriate operation mode for the specific application, allowing an 




Figure 1 Schematic layout of the TB concept 
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1.3 CO2 as refrigerant 
A desire to utilize low global warming potential (GWP) fluids in HVAC&R equipment generates much interest in 
carbon dioxide (CO2) as a refrigerant. CO2 is not toxic, flammable or corrosive, inexpensive and has competitive 
unique thermal properties with GWP =1 (Nekså, 2002). CO2 becomes a supercritical fluid at 31,1°C at 73,7bar.At 
supercritical region, temperature and pressure are uncoupled and critical temperature, Tcrit  no longer limits the heat 
delivery temperatures. The low Tcrit requires high working pressure but because heat transfer occurs by sensible 
cooling, the difference between the CO2 temperature at the gas cooler inlet and outlet is typically larger than during 
heat rejection by condensation. This temperature difference is known as the refrigerant temperature glide. The 
independent gliding temperature profile of CO2 can be more closely matched to the gliding temperature profile of 
the secondary fluid, which improves heat exchanger effectiveness (Brian T. Austin, 2011). Thus, the performance of 
the transcritical heat pump (THP) increases when the temperature difference between CO2 and the heat recovery 
fluid (air or water) at any point in the gas cooler is reduced.  
 
In addition, with new compressor technology, the high pressure hurdle is no longer a technical obstacle, and comes 
with additional benefits: lower pressure ratios so higher compressor efficiencies are achieved, and the relatively high 
vapor density of CO2 corresponds to a high volumetric heating capacity (𝐶𝐶 = ?̇?𝑚𝑐𝑐𝑝𝑝 ). This allows a smaller volume of 
CO2 to be cycled resulting in smaller components and a more compact system. 
 
The idea of using CO2 heat pumps for simultaneously producing useful heat and cooling has been dealt with by 
Adriansyah (2004) and more recently by Sarkar (2010) and Chen (2010). Our novel focus is the integration of both 
hot and cold thermal storage to buffer electrical grid fluctuations in a Smart Grid perspective to balance power 
supply and consumer thermal demand. 
 
1.4 Methodology 
Based on the proposed model of a heat pump for simultaneous water heating and cooling with hot and cold thermal 
storages, we analyze the system COP. The set temperatures of the water reservoirs were imposed to residential 
house applications, 𝑇𝑇ℎ𝑜𝑜𝑜𝑜 = 70 − 80℃ and  𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 = 0 − 15℃ .  The purpose of the work developed was to 
systematically investigate the possibilities for increased energy efficiency of TB systems when applying different 
demand conditions. The first step was developing a theoretical operation model of the THP on EES (Klein, 2002) to 
obtain the impact of various operating parameters. Most of the various conditions tested on the model are validated 
against experimental results of other published works. While the water temperature in the outlet of the gas cooler 




In this section the governing thermodynamic equations are presented. Thermodynamic properties of CO2 provided in 
EES software are based on the equations of state developed by Span and Wagner (1996). 
 
2.1 Process analysis 
Modeling involves two parts the thermodynamic analysis of the system and the transport characteristics of the 
refrigerant and water. 
 
Following assumptions are used for simplification: 
• Steady-state system operating mode 
• Changes in kinetic and potential energy are negligible 
• Compressor operates adiabatically and at constant conditions of pressure and temperatures 
• Heat losses in connecting piping is negligible 
• The expansion process is isenthalpic 
• Steady refrigerant flow, equal for all components, inlet and outlet. 
• Effect of internal heat exchanger are marginal (Sarkar, 2010) 
 
Energy balance equations are defined for the heat flux in gas cooler ?̇?𝑄𝐺𝐺𝐶𝐶  and evaporator ?̇?𝑄𝐸𝐸𝐸𝐸  for both refrigerant and 
water side as shown in Eqs. (1)-(4): 
 
2116, Page 4 
 
International Compressor Engineering Conference at Purdue, July 16-19, 2012 
 
?̇?𝑄𝐺𝐺𝐶𝐶 = ?̇?𝑚𝐻𝐻2𝑂𝑂,𝐺𝐺𝐶𝐶 × 𝐶𝐶𝑝𝑝 ,𝐻𝐻2𝑂𝑂 × �𝑇𝑇𝐻𝐻2𝑂𝑂,𝐺𝐺𝐶𝐶 ,𝑜𝑜 − 𝑇𝑇𝐻𝐻2𝑂𝑂,𝐺𝐺𝐶𝐶 ,𝑖𝑖�  [kW]                                                 (1) 
?̇?𝑄𝐺𝐺𝐶𝐶 = ?̇?𝑚𝐶𝐶𝑂𝑂2 × 𝐶𝐶𝑝𝑝 ,𝐶𝐶𝑂𝑂2 × �𝑇𝑇𝐶𝐶𝑂𝑂2,𝐺𝐺𝐶𝐶 ,𝑖𝑖 − 𝑇𝑇𝐶𝐶𝑂𝑂2,𝐺𝐺𝐶𝐶 ,𝑜𝑜�  [kW]                                                  (2) 
?̇?𝑄𝐸𝐸𝐸𝐸 = ?̇?𝑚𝐻𝐻2𝑂𝑂,𝐸𝐸𝐸𝐸 × 𝐶𝐶𝑝𝑝 ,𝐻𝐻2𝑂𝑂 × �𝑇𝑇𝐻𝐻2𝑂𝑂,𝐸𝐸𝐸𝐸 ,𝑖𝑖 − 𝑇𝑇𝐻𝐻2𝑂𝑂,𝐸𝐸𝐸𝐸 ,𝑜𝑜�  [kW]                                                  (3) 
?̇?𝑄𝐸𝐸𝐸𝐸 = ?̇?𝑚𝐶𝐶𝑂𝑂2 × (ℎ𝐸𝐸𝐸𝐸 ,𝑖𝑖 − ℎ𝐸𝐸𝐸𝐸 ,𝑜𝑜)   [kW]                                                  (4) 
 
Where ?̇?𝑚 is mass flow rate in kg/s,  𝐶𝐶𝑝𝑝 ,𝑓𝑓𝑐𝑐𝑓𝑓𝑖𝑖𝑐𝑐  is the fluid specific heat of the fluid in kJ/kgK at the arithmetic mean 
temperature in each heat exchanger, T is temperature in ̊C and ℎ is the enthalpy in kJ/kg. 
 
Eq. (4) has to be determined with enthalpy values since it is a ‘change of state’ process, i.e. evaporation. 
 
Moreover, the heat flux can be defined based on the overall heat transfer coefficient and the temperature difference 
between two fluids, using the convection heat transfer equations.  
 
?̇?𝑄𝐺𝐺𝐶𝐶 = 𝑈𝑈 × 𝐴𝐴𝐺𝐺𝐶𝐶 × 𝐿𝐿𝐿𝐿𝑇𝑇𝐿𝐿𝐺𝐺𝐶𝐶 = 𝑈𝑈 × 𝐴𝐴𝐺𝐺𝐶𝐶 × �𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐺𝐺𝐶𝐶 ,𝑖𝑖−𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑜𝑜�−�𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐺𝐺𝐶𝐶 ,𝑜𝑜−𝑇𝑇𝐻𝐻2𝑂𝑂 ,𝐺𝐺𝐶𝐶 ,𝑖𝑖�𝑐𝑐𝑙𝑙 ��𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐺𝐺𝐶𝐶 ,𝑖𝑖−𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑜𝑜� �𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐺𝐺𝐶𝐶 ,𝑜𝑜−𝑇𝑇𝐻𝐻2𝑂𝑂 ,𝐺𝐺𝐶𝐶 ,𝑖𝑖�� �  [kW]                           (5) 
 
?̇?𝑄𝐸𝐸𝐸𝐸 = 𝑈𝑈 × 𝐴𝐴𝐸𝐸𝐸𝐸 × 𝐿𝐿𝐿𝐿𝑇𝑇𝐿𝐿𝐸𝐸𝐸𝐸 = 𝑈𝑈 × 𝐴𝐴𝐸𝐸𝐸𝐸 × �𝑇𝑇𝐻𝐻2𝑂𝑂 ,𝐸𝐸𝐸𝐸 ,𝑖𝑖−𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐸𝐸𝐸𝐸 ,𝑜𝑜�−�𝑇𝑇𝐻𝐻2𝑂𝑂 ,𝐸𝐸𝐸𝐸 ,𝑜𝑜−𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐸𝐸𝐸𝐸 ,𝑖𝑖�𝑐𝑐𝑙𝑙 ��𝑇𝑇𝐻𝐻2𝑂𝑂 ,𝐸𝐸𝐸𝐸 ,𝑖𝑖−𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐸𝐸𝐸𝐸 ,𝑜𝑜� �𝑇𝑇𝐻𝐻2𝑂𝑂 ,𝐸𝐸𝐸𝐸 ,𝑜𝑜−𝑇𝑇𝐶𝐶𝑂𝑂 2,𝐸𝐸𝐸𝐸 ,𝑖𝑖�� �  [kW]                            (6) 
 
Where U is the overall heat transfer coefficient in 𝑊𝑊 𝑚𝑚2𝐾𝐾⁄ and 𝐴𝐴𝐺𝐺𝐶𝐶  and 𝐴𝐴𝐸𝐸𝐸𝐸  are the heat transfer areas of the gas 
cooler and evaporator in 𝑚𝑚2. 
 
The compressor work can be found based on energy conservation law with adiabatic boundaries as shown in eq. (7). 
 
?̇?𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑝𝑝 = 𝑚𝑚𝐶𝐶𝑂𝑂 2𝜂𝜂𝑖𝑖𝑖𝑖̇ × (ℎ𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ,𝑖𝑖𝑖𝑖 − ℎ𝑖𝑖𝑓𝑓𝑐𝑐𝑜𝑜𝑖𝑖𝑜𝑜𝑙𝑙 )    [kW]                               (7) 
 
Where 𝜂𝜂𝑖𝑖𝑖𝑖  is the compressor isentropic efficiency and  ?̇?𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑝𝑝  the compressor power in kW.  
 
The energy balance for the entire system is expressed: 
 
?̇?𝑄𝐸𝐸𝐸𝐸 + ?̇?𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑝𝑝 = ?̇?𝑄𝐺𝐺𝐶𝐶    [kW]                                                        (8) 
 
Finally, the heat pump system performance is discussed in terms of heating and cooling capacity and COP. Heating 
and cooling capacity are defined as the heat delivered and removed, respectively and they are calculated as shown in 
eqs. (1) to (6). COP can be defined in terms of heating or cooling. For heating, in this paper, it determined by the 
ratio of the heat output or removed to the sum of the compressor and water pump work. The cooling COP is the ratio 
of heat removed over compressor and water pumps work. 
 
𝐶𝐶𝑂𝑂𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑜𝑜𝑖𝑖𝑙𝑙𝑎𝑎 =  ?̇?𝑄𝐺𝐺𝐶𝐶�?̇?𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑝𝑝 +?̇?𝑊𝑝𝑝𝑓𝑓𝑚𝑚𝑝𝑝 �         [-]                                             (9) 
 
𝐶𝐶𝑂𝑂𝐶𝐶𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑖𝑖𝑙𝑙𝑎𝑎 =  ?̇?𝑄𝐸𝐸𝐸𝐸�?̇?𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑝𝑝 +?̇?𝑊𝑝𝑝𝑓𝑓𝑚𝑚𝑝𝑝 �          [-]                                           (10) 
 
Since in this paper the THP is used for simultaneous heating and cooling production, performance is discussed in 
terms of system COP, defined as: 
 
𝐶𝐶𝑂𝑂𝐶𝐶𝑖𝑖𝑠𝑠𝑖𝑖 = ?̇?𝑄𝐺𝐺𝐶𝐶 +?̇?𝑄𝐸𝐸𝐸𝐸�?̇?𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑝𝑝 +?̇?𝑊𝑝𝑝𝑓𝑓𝑚𝑚𝑝𝑝 � = 𝐶𝐶𝑂𝑂𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑜𝑜𝑖𝑖𝑙𝑙𝑎𝑎 + 𝐶𝐶𝑂𝑂𝐶𝐶𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑖𝑖𝑙𝑙𝑎𝑎     [-]                                (11) 
 
Where the water pumps work for both, gas cooler and evaporator water supply, is defined as: 
 
?̇?𝑊𝑝𝑝𝑓𝑓𝑚𝑚𝑝𝑝 = 𝑚𝑚𝐻𝐻2𝑂𝑂𝜂𝜂𝑖𝑖𝑖𝑖 ,𝑝𝑝𝑓𝑓𝑚𝑚𝑝𝑝̇ × ∆𝐶𝐶         [W]                                                 (12)  
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Where, 𝜂𝜂𝑖𝑖𝑖𝑖 , is the electric-fluid power conversion efficiency and ∆𝐶𝐶 the pressure drop of water for horizontal pipes 
and fully developed flow (Kays, 1993). 
 
2.2 Possibilities for improved system energy efficiency 
Key design parameters for the CO2 heat pump are the temperature and pressure of the refrigerant (CO2), secondary 
fluid (water) temperature at hot and cold heat exchanger ends, and mass flow rate. Manipulating these parameters 
yields different coefficient of performance as shown in previous published papers (Sarkar J., 2010), (Sarkar J., 2004) 
and (Yokoyama R, 2006). 
 
Furthermore, in the TB concept the system can be operated in two different modes: a) independent charging and 
tapping mode or b) simultaneous charging and tapping mode. The independent operation mode support bigger 
volumes, as all the heat capacity will be generated during a longer period (electricity off peak demand) and supplied 
gradually along the day. In contrast the simultaneous mode leads to smaller volumes as the heat capacity is shortly 
dispatched. This study is primarily focused on the influence of temperature and mass flow rates in THP 
performance. Sizing of the two heat storage water tanks directly connected to the THP in the above modes is only 
qualitatively discussed. 
 
3. ANALYSIS AND DISCUSSIONS 
 
In this section the THP performance at different operational conditions is analyzed to select an appropriate 
operational mode for simultaneous household heating and cooling applications. 
 
3.1 Calculations conditions 
The optimization of the CO2 heat pump on simultaneous heating and cooling system is complex as it depends on 
several parameters such as compressor speed and efficiency, water and refrigerant inlet/outlet temperature and 
pressures, flow rates and heat exchanger dimensions. However constraining some of the parameters based on the 
application requirements make the task easier. 
 
Based on Sarkar et al. (2004), two parameters, 𝑇𝑇𝐶𝐶𝑂𝑂2,𝐸𝐸𝐸𝐸and 𝑇𝑇𝐶𝐶𝑂𝑂2,𝐺𝐺𝐶𝐶 ,𝑜𝑜 , have a stronger influence on optimum discharge 
pressure than the others (see section 2.1 for all parameter dependency). The optimum discharge pressure increases 
with the increase in gas cooler exit temperature and decrease in evaporator temperature. Liao et al.(2000), Sarkar et 
al. (2004), Kauf (1999) and Chenand Gu (2005) theoretical studies have proposed correlations on discharge pressure 
optimization. However, the Sarkar et al. (2004) correlation has seemed best compared to other proposed correlations 
based on experimental studies (Cabello R, 2008) and is expressed by: 
 
𝑝𝑝𝑜𝑜𝑝𝑝𝑜𝑜 = 4,9 + 2,256𝑇𝑇𝐶𝐶𝑂𝑂2,𝐺𝐺𝐶𝐶 ,𝑜𝑜 − 0,17𝑇𝑇𝐶𝐶𝑂𝑂2,𝐸𝐸𝐸𝐸 + 0,002𝑇𝑇𝐶𝐶𝑂𝑂2,𝐺𝐺𝐶𝐶 ,𝑜𝑜2 [𝑏𝑏𝑎𝑎𝑎𝑎]                             (13) 
 
The compressor discharge pressure 𝐶𝐶𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐 ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  is set to give the maximum COP value for  𝑇𝑇𝐶𝐶𝑂𝑂2,𝐺𝐺𝐶𝐶 ,𝑜𝑜 = 35°𝐶𝐶 . Lower 
temperature approach on the gas cooler cold side (difference between CO2 gas cooler outlet temperature and water 
gas cooler inlet temperature) reduces the optimum pressure and increases the system COP (Fronk BM, 2011a). The 
evaporation temperature (𝑇𝑇𝐶𝐶𝑂𝑂2,𝐸𝐸𝐸𝐸) was set to 5°C in all analysis studies and the degree of superheat 20°C. At this 
condition the evaporation pressure of refrigerant (Pevaporation) is 40 bar. These constraints consider the application 
requirements, water heating and cooling, considering gas cooling process. They also match the experiment condition 
values from previous work. 
 
Heat exchangers are defined by their geometrical parameters and the heat transfer coefficients. In the analysis, we 
start with giving appropriate values for the heat transfer coefficients.  
 
Within the heat exchangers the thermo physical properties of the fluids were calculated on the basis of the arithmetic 
mean temperature of outlet and inlet on the respective components. 
 
3.2 Results and discussion 
The COP of the CO2 heat pump being studied for simultaneous heating and cooling applications is evaluated on the 
basis of system COP (eq. 11). 
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A. ?̇?𝑚𝐺𝐺𝐶𝐶 ,𝐻𝐻2𝑂𝑂 = 1 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙, 𝑇𝑇𝐻𝐻20,𝐸𝐸𝐸𝐸 ,𝑖𝑖 = 20°𝐶𝐶, 
𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑖𝑖 = 20°𝐶𝐶 B.?̇?𝑚𝐸𝐸𝐸𝐸,𝐻𝐻2𝑂𝑂 = 1,5 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙,                      𝑇𝑇𝐻𝐻20,𝐸𝐸𝐸𝐸,𝑖𝑖 = 20°𝐶𝐶, 𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑖𝑖 = 20°𝐶𝐶 
  
C. ?̇?𝑚𝐺𝐺𝐶𝐶 ,𝐻𝐻2𝑂𝑂 = 1 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙 , ?̇?𝑚𝐸𝐸𝐸𝐸,𝐻𝐻2𝑂𝑂 = 1,5 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙 , 
𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑖𝑖 = 20°𝐶𝐶 D.?̇?𝑚𝐺𝐺𝐶𝐶 ,𝐻𝐻2𝑂𝑂 = 1 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙, ?̇?𝑚𝐸𝐸𝐸𝐸,𝐻𝐻2𝑂𝑂 = 1,5 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙, 𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑖𝑖 = 20°𝐶𝐶, 𝑇𝑇𝐻𝐻20,𝐸𝐸𝐸𝐸 ,𝑖𝑖 = 20°𝐶𝐶 
 
 
E.?̇?𝑚𝐺𝐺𝐶𝐶 ,𝐻𝐻2𝑂𝑂 = 1 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙,                          
?̇?𝑚𝐸𝐸𝐸𝐸 ,𝐻𝐻2𝑂𝑂 = 1,5 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙, 𝑇𝑇𝐻𝐻20,𝐸𝐸𝐸𝐸 ,𝑖𝑖 = 20°𝐶𝐶 F.?̇?𝑚𝐺𝐺𝐶𝐶 ,𝐻𝐻2𝑂𝑂 = 1 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙, ?̇?𝑚𝐸𝐸𝐸𝐸 ,𝐻𝐻2𝑂𝑂 = 1,5 𝑘𝑘𝑎𝑎/𝑚𝑚𝑖𝑖𝑙𝑙, 𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑖𝑖 = 20°𝐶𝐶, 𝑇𝑇𝐻𝐻20,𝐸𝐸𝐸𝐸,𝑖𝑖 = 20°𝐶𝐶 
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Our model simulates the heat pump performance by changing the inlet and outlet water temperatures and the water 
mass flow rates considered both for the gas cooler and the evaporator. The numerical test on this analytic model 
includes stepwise variable change in the condition cases A through F as shown in Figure 2. 
 
First, in case 2.A with the increase in water mass flow rate in the evaporator, the cooling capacity increases due to 
the increase of heat transfer rate in water. Thus, the heating output increases. Compressor work is maintained 
constant and pump work increases with water mass flow rate. Both water outlet temperatures increase with the 
increase of water mass flow rate in the evaporator.  
 
Then, in case 2.B, heating output increases in the water side due to the heat transfer rate which also enhances the 
cooling capacity. Also, water outlet temperature decreases due to the constant evaporator water mass flow rate (from 
eq. (3) and (6)). The COP increase is given by the increasing of heating and cooling capacities and constant 
compressor work even for an increase work from the water pumps.  
 
In case 2.C with the increase of the water inlet temperature to evaporator, the water outlet temperature of the 
evaporator increases and enhances the cooling capacity which for a constant compressor work enhances the heating 
capacity and so water outlet temperature of the gas cooler also increases.  Hence the system COP increases. 
 
Case 2.D shows that the COP decreases with the increase of the evaporator outlet water temperature.  
 
As the gas cooler water inlet temperature increases, in case 2.E, the heating capacity decreases due to deterioration 
in heat transfer properties of CO2 in gas cooler and the refrigerant exit temperature increases, which increases the 
vapor quality in evaporator inlet and hence cooling capacity also decreases. As the compressor work is maintain 
constant the system COP decreases significantly. Combining the results from cases 2.C and 2.E it can be concluded 
that admitting the coil exchanges directly heat between the water coming from the gas cooler and evaporator with 
the water contained in the tanks continuously lead to system COP decrease. This is because the water temperature in 
the tanks becomes hotter or colder in the hot and cold tanks, respectively.  
 
Finally, case 2.F shows the effect of increasing the water outlet gas cooler temperature is COP small decrease. 
Results from case 2.F follow the trends of previous studies (Yokoyama R, 2006) but should need future 
experimental as the information for the different system parameters from previous work were not sufficient.  
 
In order to validate the model with Sarkar (2004) pressure and temperature in the compressor are maintained 
constant. These specific conditions limit the COP enhancement since they are based on the constraints that are not 
necessarily optimum conditions. The differences between the absolute values of numerical model and experimental 
results did not match perfectly due to different heat exchanger dimensions and compressor specification as they 
were not clearly specified on the respective papers. 
 
Comparisons with solar technology studies claim comparable results. Presented solutions consist in lower inlet water 
temperature in thermal solar systems and thermal storage stratification for both thermal solar and photovoltaic 
systems are the future for system improvement (Koppen, 1979), (Hollands, 1989) and (Andersen, 2007).  For our 
future work, combination of the solar system technology state-of-the-art and simultaneous heat and cooling THP 




The steady-state performance of a CO2 transcritical heat pump for simultaneous heating and cooling is presented. 
The results are obtained by varying operating parameters, such as inlet/outlet temperatures and water mass flow 
rates, of a system suitable for household applications. The predicted performance is in reasonable agreement with 
available experimental data in literature. Heat exchanger specific characteristics and the compressor performance 
approximation may lead to the small difference between experimental and analytical results. 
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Results indicate that the effect of evaporator water mass flow rate (COP increases 0,8 for 1 kg/min versus 0,2 in the 
gas cooler) is more pronounced compared to the water mass flow rate in the gas cooler. They similarly show that the 
effect of the gas cooler water inlet temperature is less significant (COP decreases 0,9 for the range between 30° C 
and 40° C) compared to the evaporator water inlet temperature (COP increases 1 for the range between 5° C and 15° 
C). And also the effects of the water outlet temperature are more pronounced for the evaporator outlet temperature 
(COP decreases with the temperatures increase in both cases).  
 
In sum, it is concluded that dynamic modeling and system components integration should be considered as it 
directly affects the system COP. Based on the analysis high 𝑇𝑇𝐻𝐻20,𝐸𝐸𝐸𝐸,𝑖𝑖 , low 𝑇𝑇𝐻𝐻20,𝐺𝐺𝐶𝐶 ,𝑖𝑖   and large ?̇?𝑚𝐺𝐺𝐶𝐶 ,𝐻𝐻2𝑂𝑂 and ?̇?𝑚𝐸𝐸𝐸𝐸 ,𝐻𝐻2𝑂𝑂 
yields highest COP with a fixed performance of the compressor. Attention should be brought to the evaporator side 
and compressor operational limitations.  More importantly, the results show that COP values greater than 4 are 





The findings are part of the results of the research project “Intermittency-friendly and super-efficient tri-generation 
(combined production of electricity, heating, and cooling) to support large-scale penetration of renewable sources in 
buildings and cities” supported financially by University of California’s Center for Information Technology 




A Heat transfer area (m2)  Subscripts 
𝐶𝐶𝑝𝑝  Specific heat (kJ/kg K) GC gas cooler 
ℎ Specific enthalpy (kJ/kg) Ev evaporator 
𝑚𝑚 Mass flow rate (kg/s) i inlet 
𝐶𝐶 Pressure (Pa) o outlet 
?̇?𝑄  Heat transfer rate (kW) is isentropic 
𝑇𝑇 Temperature (̊C) exp experimental  U Heat transfer coefficient (kW/m2K) 
𝑊𝑊 compressor/pump work (kW) 
ε Heat exchanger effectiveness (-) 
η Efficiency (-) 
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